S
plenic diffuse red pulp lymphoma is an indolent small B-cell lymphoma recognized as a provisional entity in the World Health Organization 2008 classification. Its precise relationship to other related splenic B-cell lymphomas with frequent leukemic involvement or other lymphoproliferative disorders remains undetermined. We performed whole-exome sequencing to explore the genetic landscape of ten cases of splenic diffuse red pulp lymphoma using paired tumor and normal samples. A selection of 109 somatic mutations was then evaluated in a cohort including 42 samples of splenic diffuse red pulp lymphoma and compared to those identified in 46 samples of splenic marginal zone lymphoma and eight samples of hairy-cell leukemia. Recurrent mutations or losses in BCOR (the gene encoding the BCL6 corepressor) -frameshift (n=3), nonsense (n=2), splicing site (n=1), and copy number loss (n=4) -were identified in 10/42 samples of splenic diffuse red pulp lymphoma (24%), whereas only one frameshift mutation was identified in 46 cases of splenic marginal zone lymphoma (2%). Inversely, KLF2, TNFAIP3 and MYD88, common mutations in splenic marginal zone lymphoma, were rare (one KLF2 mutant in 42 samples; 2%) or absent (TNFAIP3 and MYD88) in splenic diffuse red pulp lymphoma. These findings define an original genetic profile of splenic diffuse red pulp lymphoma and suggest that the mechanisms of pathogenesis of this lymphoma are distinct from those of splenic marginal zone lymphoma and hairy-cell leukemia.
may present some overlapping features with other splenic B-cell lymphomas or small B-cell leukemias such as splenic marginal zone lymphoma (SMZL), hairy cell leukemia (HCL) and, especially, its variant form (HCL-v). The differential diagnosis may be difficult because of the absence of pathognomonic diagnostic markers. Recurrent mutations have been reported in HCL (BRAF V600E), HCL-v (MAP2K1) and in SMZL (KLF2, NOTCH2), indicating characteristic mutational patterns and distinctive oncogenic pathways in each of these entities. [6] [7] [8] [9] [10] [11] [12] [13] Some mutations in NOTCH1, NOTCH2, MYD88, TP53, MAP2K1, and CCND3 have recently been described in SDRPL, though the studies were non-exhaustive and lacked detailed comparisons with other B-cell malignancies. [14] [15] [16] In the present study, we explored the genetic landscape of SDRPL using whole-exome sequencing of paired tumor and normal samples. We confirmed and extended our findings through the targeted sequencing of 109 mutations in a validation series of SDRPL and compared these data with those obtained for SMZL and HCL.
Methods

Case selection
Diagnoses of HCL, SDRPL and SMZL were established by histological analyses of spleen (62 cases) or peripheral blood (38 cases) (Table 1) . Given the frequent policy of watchful waiting and the low rate of splenectomy in SDRPL patients, 31 samples were included in the study after a diagnostic procedure based on thorough cytological examination of peripheral blood smears completed with bone marrow analyses, extensive flow cytometry immunophenotyping, and cytogenetic analyses. The immunophenotypic characteristics of SDRPL were previously shown to discriminate this type of lymphoma from other lymphoid malignancies. 2, 3 In our experience, SDRPL can be clearly distinguished from SMZL using a scoring system based on five membrane markers (CD11c, CD22, CD76, CD27 and CD38) and from HCL given that SDRPL does not co-express typical HCL markers such as CD25, CD103 and CD123. 2 However, in some cases, a partial expression of CD103 may be observed in SDRPL. The criteria used to recognize each entity were in accordance with the World Health Organization 2008 classification, completed with recent published updates. 2, [17] [18] [19] [20] [21] [22] [23] The clinico-pathological characteristics of the HCL, SDRPL and SMZL series are detailed in Table 1 . Informed consent to participation in this study was obtained from patients, and the procedures were conducted in accordance with the Helsinki Declaration and the Biological Resource Center policy of the Hospices Civils de Lyon. Furthermore, the institutional review board of the Hospices Civils de Lyon approved the research protocol (DC-2015-2566).
Whole-exome sequencing
Whole-exome sequencing was performed on a discovery cohort (flowchart in Online Supplementary Figure S1 ), which included ten cases of SDRPL (namely, SDRPL #1, 3, 5, 7, 8, 9, 10, 12, 13, and 15) . DNA from tumor cells was obtained from seven frozen spleen samples and three positively immunoselected villous lymphoma B-cell (CD19 + ) samples isolated from peripheral blood (to verify the origin of the samples, see Figure 1 ). Paired DNA from nonmalignant cells was purified from spleen fibroblasts obtained after culture of the original tissue biopsy or from the non-B-cell fraction obtained after immunoselection using a human anti-CD19 antibody-conjugated magnetic microbead kit according to the manufacturer's instructions (Miltenyi Biotec, Bergisch Gladbach, Germany). The purity of the B-cell fractions was determined by flow cytometry and systematically exceeded 90%. Non-B-cell fractions contained less than 5% CD20 + cells. Genomic DNA was enriched in protein-coding sequences using the in-solution exome capture SureSelect Human All Exon 50-Mb kit (Agilent Technologies) according to the manufacturer's protocol. The captured targets were subjected to sequencing using the Illumina HiSEQ2000 analyzer (Illumina) with the paired-end 2 x 75 bp read option. Exome capture, massively parallel sequencing and quality controls were performed at IntegraGen (Evry, France). Paired-end reads obtained by high-throughput sequencing were aligned with the human genome reference hg19/NCBI GRCh37, and differences from the reference sequence were identified separately for tumor and normal samples using the CASAVA pipeline (Illumina) (IntegraGen), as well as another pipeline based on BWA-MEM, SAMBAMBA, and GATK (INSERM UMR S910, Marseille, France). Merge analysis, data mining and manual review were performed using VarAFT (http://varaft.eu) and ALAMUT software (Interactive Biosoftware, Rouen, France). To investigate genomic copy number aberrations (e.g., copy number gains and copy number losses), we used the Bioconductor DNACopy package (DNAcopy 1.32.0), comparing the DNA exome data with the paired reference sample data and used the circular binary segmentation algorithm to segment DNA copy number data. All changes Whole-exome sequencing of SDRPL haematologica | 2017; 102(10) Marker (*) indicates feature that discriminates between SDRPL and SMZL entities. # All antigen expressions were studied by flow cytometry except CD76, which was assessed by immunocytochemistry. a Percentage of IGHV mutated cases considering a case 'mutated' when it had ≤ 100% of homology with the germline sequence. n.a.: not available. Supplementary Table S3 . Gene copy number (CN) was only reported as a gain (↑) or loss (↓) for relevant genes (), namely BCOR and TNFAIP3. The last row (bottom) represents the IGHV gene status, homology with germline sequence percentage, and cytogenetic findings (complex karyotype, trisomy 3, 12, 18 and deletion 7q) for each case when available.
were compared to the catalogue of the Database of Genomic Variants to provide a comprehensive summary of structural variations in the human genome.
Targeted gene sequencing
A panel of 109 genes was selected from the exploratory exome data for subsequent analyses; these genes were selected according to their previous description in mutational landscape studies of other B-cell malignancies, to their well-established role in B-cell physiology or to the type of mutation they produce (predicted to be deleterious or damaging according to SIFT and PolyPhen2-score). The genes, exon positions and coverage are listed in Online Supplementary Table S2 . High-throughput sequencing was performed on a validation series of 38 SDRPL samples, consisting of six samples from the discovery cohort used as positive controls (namely, SDRPL #1, 3, 5, 8, 9 and 12) and 32 new SDRPL samples, as well as 46 SMZL and eight HCL samples. The origin of the samples is shown in Figure 1 . DNA was extracted from frozen spleen samples, from CD19 + immunoselected cells, or from nonimmunoselected peripheral blood mononuclear cells after Ficollisolation using patients' samples with a total lymphocyte count exceeding 5x10 Library preparation, capture, sequencing, variant detection, and annotation were performed by IntegraGen. Exons of genomic DNA samples were captured using the Agilent in-solution enrichment methodology with the biotinylated oligonucleotide probe library, followed by paired-end 75-bp massively parallel sequencing on an Illumina HiSEQ2000. Image analysis and base calling were performed using the Illumina Real Time Analysis Pipeline version 1.14 and default parameters. Bioinformatics analysis of the sequencing data was based on the Illumina pipeline (CASA-VA1.8.2). Only positions included in the bait coordinates were conserved. Genetic variation annotation was performed using the IntegraGen in-house pipeline, which consists of gene annotation (RefSeq) and detection of known polymorphisms (dbSNP 132, 1000Genome) followed by characterization of the mutations (exonic, intronic, silent, nonsense, etc.). For each position, exomic frequencies were determined using the IntegraGen Exome database, and exome results were provided by HapMap.
The procedure for detecting copy number variation was adapted from previously published methods; read depths of each exon from all of the target genes were obtained for each sample using DeCovA. 24, 25 Exon read depths (ERD) were then normalized against the sum of all ERD from the same sample. A copy number ratio (CNR) was obtained by dividing the ERD of the sample by the median ERD of all of the samples as a control: CNRx=(ERDx/∑ERD 1>n )sample/(ERDx/∑ERD 1>n )control. For the two genes located on chromosome Xp (BCOR and KDM6A), a 2-fold extrapolation was applied to the normalized ERD for males. Copy number ratios <0.7 and >1.25 were considered to represent a loss and gain, respectively. Chromosomal abnormalities (chromosome X loss or gain) were confirmed by copy number variation detection by whole-exome sequencing using a circular binary segmentation algorithm and compared to that of the paired reference genome or karyotype analysis when available.
Microarray-based comparative genomic hybridization
A 60K oligonucleotide microarray (Agilent Technologies) was used according to the manufacturer's instructions to confirm the microdeletion of the BCOR locus, identified by the detection, by whole-exome sequencing, of copy number variation (SDRPL case: VL_218).
Results
Whole-exome sequencing of the discovery cohort of SDRPL resulted in the identification of more than 300 unique somatic mutations among the ten different tumor samples (Online Supplementary Table S1 ). These included exon missense (83%), frameshift (5%), nonsense (4%), untranslated regions (5%), and intron splicing site (3%) alterations. Some of the mutated genes were previously associated with various other malignancies. These mutated genes encode proteins in various pathways, including cell cycle regulation (CCND3, MGA, MYC), epigenetic regulation (BCOR, EZH1, HIST1H1D, HIST1H2AD Table S1 ).
Given the characteristic mutational profiles previously identified in other B-cell malignancies and after extensive manual review and data mining of the SDRPL discovery cohort, we selected a panel of 109 target genes the functions of which may be relevant during lymphomagenesis and the types of mutations of which were predicted by the SIFT and PolyPhen2-score to be deleterious or damaging (Online Supplementary Table S2 ). This panel was used to further explore the validation cohort, including SDRPL, SMZL and HCL samples, by high-throughput sequencing and to assess the frequency of mutations in each of these lymphoma/leukemia entities. All of the mutations detected by whole-exome sequencing were confirmed by targeted gene sequencing for SDRPL cases, sequenced using both methodologies. All of the samples of the validation cohort, except one, displayed at least one of the 109 target gene mutations, with the number of mutations ranging from 1-13 in some samples. Only a few recurrent and discriminative mutations were identified and are described hereafter, with a promising candidate being mutations or losses in BCOR since these affected 10/42 SDRPL patients compared to 1/46 patients with SMZL and 0/8 of those with HCL ( Figure 1 ).
Recurrent BCOR mutations and deletions in splenic diffuse red pulp lymphoma
A single mutation in a splicing site of BCOR was initially detected in the discovery cohort and was confirmed to be somatic ( Figure 1 and Online Supplementary Table S3 ). This mutation was identified in the same splicing site position as another mutation reported in the COSMIC database as being COSM521431. Additional BCOR mutations were identified in five SDRPL cases of the validation set. These mutations were distributed along the gene (Figure 2 ) within exons 4, 5 and 11 (BCOR gene coverage: 100%; mean depth analysis: 345 reads). These mutations were characterized by splicing site (1/6), nonsense (2/6) and frameshift (3/6) alterations. The mutations exhibited a high variant allele frequency, with the exception of two frameshift mutations that exhibited a lower variant allele frequency.
Whole-exome sequencing of SDRPL haematologica | 2017; 102 (10) The tumor cell content was elevated in these two cases, which also harbored some mutations in other genes with a higher variant allele frequency, possibly indicating a subclonal change (Online Supplementary Table S3) . Finally, the pattern of these mutations strongly suggests that they would result in loss of function of BCOR.
Since such loss of function may arise from the deletion of BCOR on chromosome Xp11.4, we further analyzed our data to look for copy number variations. A single BCOR allele is supposed to be functional in both males (one copy on the single chromosome X) and females (because of X-inactivation). Copy number losses of the BCOR locus were identified by analysis of exon read depths in four SDRPL female patients displaying no BCOR mutation within the single remaining allele ( Figure 3A) . Three of these losses involved the whole chromosome X, whereas the last deletion was a microdeletion of approximately 669 kb assessed by microarray-comparative genomic hybridization [arr[GRCh37] Xp11.4(39576746_40245183)x1], only targeting an uncharacterized long non-coding RNA (LOC101927476) and the BCOR gene ( Figure 3B ). Two copy number gains of the BCOR locus were also observed in two SDRPL cases. In one male patient, who also had a BCOR frameshift mutation, the copy number gain explained the observed variant allele frequency of 40% in that individual (VL#208) (Figures 1 and 3A , Online Supplementary Table S3 ). Some of these abnormalities were confirmed by copy number variation detection from whole-exome sequencing or by karyotype analysis when available (Figure 3 ). Taken together, these findings demonstrated an alteration in BCOR in 11/42 SDRPL cases, most of them (10/11) being potentially pathogenic (mutations or loss). Furthermore, the percentage of BCOR alterations in cases with spleen histology (2/11 cases, 18%) was similar to that of the cases without spleen histology (8/31, 26%) .
A single BCOR frameshift mutation (distinct from the previous ones identified in SDRPL samples) was detected in the 46 SMZL samples (2%) (Figure 1 and Online Supplementary Table S3 ). Three copy number variations of the BCOR locus were also observed in three SMZL patients, and in all three cases entailed a gain. No BCOR alteration (mutation, gain or deletion) was observed in the eight HCL samples.
MAP2K1 and BRAF mutations
While no MAP2K1 (MEK1) mutation was detected in the SMZL samples (Figure 1 ), three mutated cases were observed in SDRPL samples (3/42; 7%). Two mutations (MAP2K1 p.I103N and p.C121S) were previously reported in HCL-v. 7 Of the three patients with MAP2K1 mutations haematologica | 2017; 102(10) Figure 2 . BCOR mutations in splenic diffuse red pulp lymphoma, lymphoid and hematologic malignancies. The distribution of mutations along the BCOR sequence was drawn using cBioPortal (http://www.cbioportal.org). Mutation diagram circles are colored with respect to the corresponding mutation types. Six distinct mutations were detected in our SDRPL series (top), compared to mutations reported in lymphoid (middle) or hematologic (bottom) malignancies. 43, 44 BCOR: BCL-6 corepressor, non-ankyrin-repeat region (1202 -1414); Ank_2: Ankyrin repeats (3 copies) (1467 -1560); PUFD: BCORL-PCGF1-binding domain (1634 -1747). Copy number (CN) variation was detected from exon sequencing of the target genes after normalization using DeCovA. 25, 24 Each row represents a lymphoma case (HCL: hairy-cell lymphoma; SDRPL: splenic diffuse red pulp lymphoma; SMZL: splenic marginal zone lymphoma). Each column represents an exon of two different genes (BCOR and KDM6A) located at locus Xp11. A progressive gradation of CN variation distinguishes loss (red) and gain (green). Right: mean copy number ratio of the BCOR locus, with some references in brackets corresponding to the next inserts (B-G). (B) Microarray-based comparative genomic hybridization confirmed a monoallelic microdeletion of approximately 669 kb (arr[GRCh37] Xp11.4(39576746_40245183)x1), encompassing the BCOR locus (SDRPL female patient VL_218), whereas the KDM6A gene was unaffected. (C-D) Copy number variation of chromosome X detected by whole-exome sequencing using a circular binary segmentation algorithm and compared to a paired reference genome (log 2 ratio). These two female patients with SDRPL acquired complete monosomy X. (E-G) Detailed karyotype results confirmed monosomy X (E), tetrasomy X (F) or trisomy X (G). A single sample of the 46 SMZL (2%) cases harbored both a BRAF p.V600E mutation and a frameshift mutation of KLF2 (MZ#104). The diagnosis of SMZL was confirmed after further review of the spleen histology in this patient, who also had a typical IGHV1-2*04 rearrangement and trisomy 3q.
KLF2, TNFAIP3 and MYD88 mutations
Mutations in KLF2, TNFAIP3 and MYD88, which are known to activate the NF-kB pathway, were observed in 14/46 (30%), 9/46 (20%) and 4/46 (9%) of SMZL patients, respectively ( Figure 1 and Online Supplementary Table  S3) . 4, 8, 11, 26 TNFAIP3 and MYD88 mutations were not detected in either SDRPL or HCL samples.
Only one KLF2 mutant (1/42; 2%) was observed in an SDRPL patient. The diagnosis of SDRPL in this case was based on cytological features of a peripheral blood smear with more than 60% villous lymphoma cells among the lymphoid cells, an immunological SDRPL score of 0/5 (dimCD11c + /dimCD22 + /CD38 -/CD27 -/CD76 + ) and the fact that IGHV3-23 usage is more frequently observed in SDRPL than SMZL.
2 One other KLF2 mutation was detected in a HCL sample, which also displayed a BRAF V600E mutation.
Other mutations found in both splenic diffuse red pulp lymphoma and splenic marginal zone lymphoma Table S3) . 6, 8, 9 Other mutations were recurrently observed but were distributed across both SDRPL and SMZL samples, in particular CCND3 [in 9 (21%) of 42 SDRPL and 6 (13%) of 46 SMZL samples], BIRC3, TP53, MYC and CXCR4. No additional recurrent mutations were observed in HIST4H4 and RFTN1, previously identified in two cases of the SDRPL discovery cohort. These findings show that, in addition to the original somatic mutation pattern described above, SDRPL can also share some mutations with its closest Bcell malignancy.
Discussion
We explored the mutational landscape of SDRPL with circulating villous lymphocytes in an attempt to identify diagnostic pathognomonic markers associated with this rare unclassifiable (World Health Organization 2016 classification) splenic B-cell lymphoma. One of the limitations of our study was the restricted number of patients having undergone histological spleen analyses, and we thus partially relied on stringent immunophenotypic and cytological criteria to select SDRPL cases from peripheral blood samples. This methodology is consistent with the current medical management of patients suffering from splenic lymphoma, who are preferentially administered rituximab rather than being submitted to splenectomy. However, irrespective of the origin of the SDRPL tissues analyzed, their genetic landscape was clearly distinct from the SMZL and HCL samples used herein as comparative B-cell malignancy cases. Indeed, we identified recurrent BCOR mutations or losses in 10/42 SDRPL cases (24%), while these remained rare in SMZL (1/46) and absent in HCL (0/8).
Most BCOR mutations (identified in 6 cases), as well as BCOR deletions (in 4 cases including a microdeletion), were speculated to result in inactivation of gene function. These mutations were not reported in the COSMIC database, except for one case with a BCOR p.S340Vfs*41 mutation similar to the reported pS340* mutation (COSM5945498). There were no particular associations between BCOR alterations and cytogenetic features, IGHV gene usage, or the mutational pattern of SDRPL cases.
Germline BCOR mutations have been detected in patients with inherited oculofaciocardiodental and Lenz microphthalmia syndromes. 27 Recently, massively parallel sequencing has identified inactivating somatic BCOR mutations at a very low frequency in patients with various types of solid neoplasia but also in patients with hematologic malignancies, such as acute myeloid leukemia, myelodysplastic syndrome, T-cell prolymphocytic leukemia, and extranodal NK/T-cell lymphoma, nasal type. [28] [29] [30] [31] [32] [33] [34] [35] [36] Altogether, these data underline the critical role of BCOR in cell differentiation and oncogenesis.
BCOR was first identified as a corepressor whose product interacts specifically with BCL6. 37, 38 Through epigenetic modifications, the enzymatic activity of the BCOR complex provides a mechanism for silencing BCL6 targets. Although BCOR and BCL6 play key roles in germinal center formation, and BCL6 alterations are involved in the transformation of germinal center B cells, their functions in other B cells remain elusive. 39, 40 The predicted inactivating mutations of BCOR or acquired hemizygosity observed in SDRPL may lead to the loss of BCL6 repression, but BCL6 expression is not usually detected by immunohistochemistry in SDRPL. Recent data also indicate that BCL6/BCOR inhibits Notch-activated target genes during embryonic development. 40 Given the frequency of mutations of genes involved in the Notch pathway in SDRPL (17%), it would be interesting to investigate whether BCOR loss-of-function might represent an alternative mechanism for activating this pathway in B cells. Overall, how BCOR mutations or deletions might participate in SDRPL oncogenesis remains unknown.
Recently, recurrent CCND3 mutations have been described in six of 25 (24%) of another series of SDRPL cases. 16 In our series, we also observed recurrent CCND3 mutations in nine of 42 SDRPL cases (21%), but CCND3 mutations were also detected in six of 46 SMZL cases (13%). Case selection based on diagnostics, obtained either following spleen histology or through morphological and immunological examination of peripheral blood, may potentially account for these distinct findings. Further studies are, therefore, required to identify the spectrum of CCND3 mutations among splenic lymphomas more precisely. A nonsense mutation in CDKN1B, the gene that encodes the cyclin-dependent kinase inhibitor and that interacts with cyclin D3, was found in another case of SDRPL. 16 The immunohistochemical expression of CCND3 showed a selective expression of cyclin D3 by most neoplastic cells in SDRPL spleen tissues. Considering that cyclin D3 works downstream of BCL6 in germinal center development, it could be hypothesized that dysregulation of the BCL6/BCOR complex on the one hand or CCND3 dysregulation on the other hand may represent two aspects of the same pathophysiology in SDRPL; this remains to be explored more thoroughly. 41 Some MAP2K1 mutations were also reported in the present series of SDRPL cases but at a low frequency (7%). In contrast, a high prevalence (48%) of MAP2K1 mutations was previously reported in HCL-v and IGHV4-34-expressing HCL, suggesting a possible degree of overlap between HCL-v and SDRPL. 7 Among the 12 lymphoma samples in the present series sharing the IGHV4-34 pattern (8 SDRPL, 3 SMZL and 1 HCL that was BRAF V600E-positive), we identified only one case of IGHV4-34 in a SDRPL patient with a MAP2K1 mutation, also harboring a BRAF G469A mutation (VL#203), but lacking the BCOR mutation. These previously unknown molecular findings may result in tools for the diagnosis of an atypical form of HCL rather than a true case of SDRPL. The two other MAP2K1 mutants were identified in samples with distinct IGHV rearrangements that also harbored a BCOR mutation, which was the most frequent abnormality in our SDRPL series. Further screening of BCOR mutations in the HCL-v series may, therefore, refine our understanding of the relationship between HCL-v and SDRPL.
Finally, the frequent BCOR mutations and the absence of alterations in genes regulating the NF-kB pathway (triplenegative for KLF2, TNFAIP3 and MYD88 mutations) or the absence of a BRAF mutation appear to delineate a specific genetic pattern of SDRPL, which is distinct from that already identified in SMZL, HCL or HCL-v. Exploration of these mutational patterns should improve the differential diagnosis of splenic B-cell lymphoma/leukemia and other lymphoproliferative disorders, in combination with morphological and immunological criteria currently used for their diagnosis. This will be essential for pursuing the biological and clinical characterization of this range of B-cell lymphoproliferative disorders. Our findings also pave the way for additional functional studies to characterize the oncogenic mechanism by which BCOR may promote lymphomagenesis and how this may potentially lead to the development of novel therapeutics.
